Three different invertases are found in the developing internodes of oat (Avena sativa cv. Victory). Two soluble invertases (I and II) 
In oat internodes, a close relationship exists between growth rate and levels of invertase activity (14, 15) . The higher levels of invertase activity observed during growth may reflect the increased energy and carbon requirements to sustain the biosynthetic reactions occurring in the growing parts. Enhancements in respiration (1) , and protein (13) , and cell wall biosynthesis (1) are observed to occur during the growth period. This suggests that carbohydrate in the tissue may be degraded in amounts proportional to growth requirements.
Although the existence of acid and alkaline forms of invertase is documented in plants, a considerable amount of work has been confined to lower plant forms (2, 7, 9), or higher plant storage, or nongrowing tissues (19, 21, 22, 24) . These forms differ in properties and cellular location, but how they relate to metabolism is not known. Of particular interest is the identification of significant changes in invertase isozyme patterns during the periods represented by transition from meristematic to mature tissue in sugarcane internodes (25) , and from early corn endosperm development to maturation (10) , in which early stages in both systems have a preponderance of acid invertase. High acid invertase seems to be characteristic of growing cells (14, 18 invertase is observed (13, 14) , and its levels are regulated by hormone, substrate, and end products (15) . The present investigation concerns further efforts to clarify the relationship of invertase to growth through identification of three invertases in oat internodes and examination of their respective activities during internode growth.
MATERIALS AND METHODS
Plant Material. Oat plants (A vena sativa cv. Victory) were grown in the greenhouse for 40 to 45 days as in previous studies (14) . Shoots of uniform height were selected from nextto-last internodes, located immediately below the peduncular node, with lengths of 1 cm. One-centimeter stem segments, which included the next-to-last internodes, sheath base portions, and basal nodes, were then isolated from these shoots with a razor blade cutting device. Excised segments wer,e placed upright in perforated Plexiglas frames on filter paper in 6-cm Petri dishes. Each dish contained 5 to 10 segments with their node ends in contact with 2 ml of solution.
Segments were routinely allowed to grow at 28 C in the dark. For growth experiments, length of the segments were measured with a mm ruler. Experiments were repeated at least twice.
Extraction and Fractionation of Soluble Invertase. Invertase was extracted from 100 oat stem segments with 0.1 M phosphate-citrate buffer (pH 5.0) containing 1 mm disodium EDTA. The segments were finely ground in 30 ml of cold buffer in a cold mortar and pestle. The homogenate was centrifuged at 30,000g for 20 min at 0 C. The pellet was re-extracted a second time with 10 ml of cold buffer, and following centrifugation, the pellet was stored at -60 C for later analysis of the bound invertase. Solid ammonium sulfate was added slowly to the supernatant fraction at 2 C with gentle stirring. The resultant mixture was allowed to stir gently for 20 min in the cold, after dissolution of the solid (NH4)2SO4, before centrifugation at 20,000g for 20 min. The protein fraction. precipitating between 35 and 60% ammonium sulfate saturation, was retained, as it contains approximately 90% of the soluble invertase activity. This protein precipitate was sLIspended in 4 ml of cold 0.1 M phosphate-citrate buffer (pH 5.0). After the mixture was clarified by centrifugation, the enzyme solution was placed immediately on a column (2.5 cm x 30 cm) of Sephadex G-200 buffered with 0.1 M phosphate-citrate buffer (pH 5.0) at 2 C. The column was washed with the same buffer solution, and 5-ml fractions were collected at 20-min intervals. For assay of bound invertase III, 10 mg of the cell wall powder was suspended in a reaction mixture consisting of 60 ,umoles of sucrose and 120 ,umoles of phosphate-citrate buffer (pH 5.0) in a total volume of 0.5 ml. The mixture was incubated at 30 C, and the reaction was stopped by the addition of 0.5 ml of 0.1 N NaOH. Ten minutes after the addition of NaOH, 2 ml of water were added; the reaction mixture was stirred and then centrifuged at 1,500g. One ml of the supernatant fraction was removed and assayed for reducing sugar content by the method of Nelson (20) . (-) were assayed in the eluate as described under "Materials and (5) . Therefore, it seemed desirable to study the pH-activity profile in greater detail.
As a first step in evaluation of the effect of pH on enzymic sucrose hydrolysis by the soluble and bound enzymes, reactions were conducted by using a range of buffers which maintained good buffering capacity over the pH range examined (Fig. 3) . Optimal activity for the bound invertase II and invertase III forms was obtained at pH 5.3; that for invertase I occurred at pH 4.9. The shapes of the curves differ slightly in detail.
Stability of the soluble isozymes as a function of pH was measured using the standard conditions, except for adjustment to a series of pH values. In one series of experiments, the enzyme was preincubated at 30 C for 20 min at various pH values. Standard activity assays were then performed after adjustment of the pH to 5.0. Invertase I appeared to be stable under the test conditions from pH 4.1 to 7.0; inactivation was very significant below pH 3.3 (Fig. 4) . In contrast, invertase II ,. The shape of initial reaction velocity versus pH curves (Fig.  4) is strongly dependent on sucrose concentrations. Initial velocities were determined at 2-min intervals for approximately 10 min without preincubation. Controls (boiled enzyme, included for every treatment) revealed that nonenzymatic hydrolysis was not significant in the time intervals employed.
Effect of Temperature on Invertases I and II. Invertase I is clearly more thermolabile to heat treatment (45 C) than invertase II (Fig. 5 ). Preincubation at 45 C for 6 min results in a 75% loss in invertase I activity, but correspondingly, only a 25% loss in invertase II activity. After 20 min of preincubation at 45 C, invertase I retains about 15%, and invertase II about 60%, of their respective original activities.
Substrate Specfficity. The three forms of oat invertase were characterized by their ability to act upon certain saccharides. The nonreducing saccharides were examined at pH 5.0 using the standard assay conditions, except that two different final concentrations of each test sugar were employed (50 and 100 mM). These same concentrations were used for reducing saccharides which were tested at pH 5.0 and 6.0 and were assayed for glucose liberation as measured by the glucose oxidase method (Worthington).
The results of this study are summarized here. Negative results represent activity less than 1 % of that for sucrose under identical assay conditions. Each form of invertase exhibited identical substrate specificities: invertases I, II, and III will hydrolyze the three unsubstituted B-fructofuranosides tested (sucrose, raffinose, and methyl-p-D-fructofuranoside), and cleave a substituted ,a-fructofuranoside (melezitose When the Km and Vmax of invertase I for sucrose were plotted as a function of pH (Fig. 6B) threitol, during preparation on the relative proportions of invertases I and 1I, was therefore assayed. The enzymes were prepared as described under "Materials and Methods" except that 10 mm /3-mercaptoethanol or 5 mm dithiothreitol was included or excluded in the buffer solution used, as appropriate. The results indicated that the relative proportions of invertase I to II remained relatively constant in preparations made with or without ,3-mercaptoethanol or dithiothreitol.
Inclusion of 5% glycerol in the extraction medium slightly enhanced the total level of extractable invertase, presumably by stabilization of the enzymes. However, preferential stabilization of either invertase I or II was not observed. Brief exposure of invertase I or II to dilute HCI acid leads to loss in enzyme activity, but no interconversion was observed. Likewise, storage of crude extracts or purified enzyme at -5 C to -60 C was not found to alter the relative ratios of the two isozymes.
The possibility that invertase II could arise from invertase I via limited proteolysis may also be excluded. The existence of a protease (or carbohydrase) present in the crude extract resulting in the interconversion of I to II was not observed when invertase I was incubated with crude extract at 30 C for 1 to 2 hr, followed by DEAE-cellulose column chromatography.
Changes in Invertase I and II Activity during Internodal Development. Analysis of the relative activities of invertase I and II during excised internode development indicates that the two isozymes follow a similar pattern of an increase, and then later, a decrease in activity (Fig. 7) . Invertase I activity rises early and begins to fall by 6 hr of incubation. This early increase in activity accompanies the period of most rapid growth rate of the internode (Table II , and ref. 14). In contrast, invertase II activity does not increase significantly during the first 6 hr of internodal growth; instead, it rapidly rises to a maximum at 16 hr. Its activity then declines. It is important to emphasize that even though the relative amounts of invertase I and II activities change during development, both activities are present throughout the periods examined.
In several storage plant systems, including potatoes (21), corn endosperm (11) , and red beets and sugar beets (22) , an invertase-inactivating protein has been found which is present only at certain stages of development or under certain storage temperature conditions. In freshly excised stem tissue, invertase I activity is much higher than that of invertase II. At this period, the internode is composed almost entirely of meristematic and elongating cells (Jones, unpublished data) . Invertase I activity continues to rise during incubation preceding the period of greatest growth (i.e., cell elongation), and it then declines. In the absence of exogenous substrate and hormone, cell division activity within the excised intercalary meristem rapidly declines (12 (15) , in contrast to other tissues where the bulk invertase activity is associated with the cell wall fraction (6, 16, 28) . Invertase activity could not be removed from the cell wall fraction by the procedures tested. Other workers have similarly found invertase tightly associated with the cell wall. These results tend to rule out the possibility that the observed rise in soluble oat invertase activity is caused by exchange of bound invertase with the cytoplasm. The existence of a minor amount of loosely bound invertase cannot be entirely ruled out. Under these conditions, the enzyme could be released into the incubation medium, or it could be solubilized into the soluble fraction during enzyme extraction. The former possibility consistently has not been observed in previously cited studies (13, 15) .
Our data show that the invertase III activity, which is associated with the cell wall, increases rapidly during the growth phase of excised immature tissue. A comparable increase in wall-bound invertase activity is not observed upon incubation of mature stem tissue. In fact, the amount (on a per mg of cell wall basis) of bound invertase activity is considerably lower in mature tissue (50%) than that found in growing tissue. Similar distribution patterns have been described for invertases in varying regions of developing roots, e.g., in pea (27) broad bean (3) . and corn (8) . These observations suggest that the invertase associated with the cell wall may be bound only during periods of initial or rapid cell elongation. The evidence also suggests that wall-bound enzyme is inactivated and not replaced during maturation. Thus a means is provided by which transported sucrose may preferentially be taken up in actively growing oat cells. This assumes that hydrolysis of sucrose at the cell surface is a prerequisite to its uptake (26) .
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